Abstract
have been proven to be extremely useful for the characterization of synapse diversity in all 76 brain regions of the mouse. High-speed SDM allows the imaging of entire brain sections and 77 visualization of millions of synapses at a time, providing bi-dimensional densities of puncta per 78 surface area (puncta/100 µm 2 ) (Zhu et al., 2018) . 79
Previous attempts have been made to calculate the density of synapses in the brain using 80 electron microscopy (EM). This technique allows the identification of individual synapses; 81 however, it is restricted to much smaller fields of view. Furthermore, most of these EM studies 82 apply stereological techniques to single EM sections. Although stereology is a proven valuable 83 method for object counting, the total number of synapses is an estimation which is subject to per unit volume can be obtained directly (not through estimations using stereological 91 methods), to date it has only been possible to examine relatively small 3D regions of the brain. 92
The aim of our study was first to obtain detailed data about the synaptic density and size of 93 synapses in the CA1 of the hippocampus using FIB-SEM and, second, to enable both 94 technologies -SDM and FIB-SEM-to be used in a complementary manner (Figure 1 ), so that 95 the actual densities of synapses per unit volume could be estimated brainwide. We have 96 chosen CA1 since it is a key region in the hippocampal circuitry for which the numbers of 97 excitatory and inhibitory synapses have not been fully addressed in the mouse using volume 98 EM. Furthermore, CA1 was used as a reference region in transgenic mice expressing 99 fluorescence-labeled PSD95 and SAP102 to estimate the number of synapses brain-wide. To 100 this end, we have used SDM and FIB-SEM to measure the densities of puncta and synapses, 101 respectively, in stratum oriens (SO), stratum radiatum (SR) and stratum lacunosum-moleculare 102 (SLM). We then calculated the quantitative relationship between the densities of puncta and 103 synapses obtained by the two methods. This quantitative relationship or conversion factor was 104 later applied to other regions of the brain where densities of puncta are available (Zhu et 
Detection and measurement of fluorescent Synaptic Puncta 156
Punctum detection was performed using Ensemble Detection, an in-house collection of image 157 detection algorithms. We have developed a new punctum/particle detection method based on 158 a multi-resolution image feature detector and supervised machine learning technique (Zhu et 159 al., 2018) . In this method, we carry out a multi-resolution and multi-orientation version of 2nd-160 order nonlocal derivative (NLD) (Qiu et al., 2012) , and use it to calculate intensity differences, 161 referred to as 'image features', for each of the individual puncta at different spatial resolutions 162 and orientations. An initial intensity threshold is set to a very low value to only filter out 163 extremely dim puncta and to avoid missing true synaptic puncta. The remaining candidate 164 puncta were finally classified as either true puncta or background noise using the 165 corresponding feature vectors and the classifier. The classifier was pre-trained with the 166 training image set and machine learning algorithms (Qiu et al., 2012) . 167
After detection and localization of all puncta, we segmented them based on their individual 168 intensity values: for each punctum, a threshold was set as 10% of the maximum pixel intensity 169 within the punctum, so that punctum size and shape measurement were independent of 170 punctum intensity (Zhu et al., 2018 images (corresponding to the section immediately adjacent to the block face) was then 190 collated with scanning electron microscope (SEM) photographs of the surface of the block. In 191 this way, it was possible to accurately identify the regions of the neuropil to be studied. 192
Three-Dimensional Electron Microscopy 193
Three-dimensional brain tissue samples of the CA1 of the hippocampus were obtained using 194 combined focused ion beam milling and scanning electron microscopy (FIB-SEM) (Figure 2 ).
195
The focus of our study was the neuropil, which is composed of axons, dendrites and glial 196 processes. We used a CrossBeam 540 electron microscope (Carl Zeiss NTS GmbH, Oberkochen, 197 Germany). This instrument combines a high-resolution field emission SEM column with a 198 focused gallium ion beam, which can mill the sample surface, removing thin layers of material 199 on a nanometer scale. After removing each slice (20 nm thick), the milling process was paused, 200 and the freshly exposed surface was imaged with a 1.8-kV acceleration potential using the in-201 column energy selective backscattered (EsB) electron detector. 
Size of synapses 234
As stated above, the synaptic junction is formed by the AZ and the PSD. Since AZ and PSD are 235 in close apposition and have similar surface areas, they can be represented as a single surface 236 -the synaptic apposition surface (SAS). Thus, the SAS is an accurate measurement of the size 237 of the synapse. In previous studies we have developed an efficient computational technique to 238 automatically extract this surface from reconstructed synapses (Morales et al., 2013) . 239
Statistical analysis 240
To study whether there were significant differences between synaptic distributions among the 241 different CA1 layers, we performed a multiple mean comparison test. When the data met the 242 criteria of normality and homoscedasticity, an ANOVA was performed. When these criteria 243
were not met, we used the Kruskal-Wallis followed by Dunn's test for pair-wise comparisons. 244 245 246
Results

247
We estimated the density and the size of synapses with two alternative methods ( Figure 1 ). 248 PSD95-positive synapses were identified as fluorescent puncta using SDM, and FIB-SEM was 249 used to visualize and reconstruct synaptic junctions in the same regions, so the estimations 250 made with confocal microscopy could be validated. EM also provided information that was not 251 obtained in confocal images, such as the relative proportions of excitatory (asymmetric) and 252
inhibitory ( when there is no colocalization, to 1, when there is 100% colocalization. From these data we 259 calculated the total density of puncta (dTotal) ( Table 1 ). Note that the total density of puncta is 260 not simply the sum of dPSD95 and dSAP102, since there is a certain density of puncta that 261 colocalize (dColoc). We operated as follows: 262 Tables 1 and 2 ). In spite of this 308 trend of an increase in AS density from SLM to SO, and a decrease in SS across these strata, the 309 differences between layers were not statistically significant for either the total density of 310 synapses (AS+SS) or for AS and SS separately (KW test, p ≥ 0.08) ( Figure 4B, C) . 311 When we compared SDM and FIB-SEM data, we found that both methods revealed lower 318 densities in SLM and higher and similar densities in SR and SO. We then calculated a 319 conversion factor that would allow us to relate the densities of PSD95 and SAP102 puncta to 320 the actual densities of excitatory synapses found by FIB-SEM. These conversion factors were 321 calculated as the quotient between the actual density of excitatory synapses and total density 322 of PSD95 and SAP102 puncta (Table 1) . Conversion factors obtained for each layer of CA1 were 323 slightly different; they ranged from 0.0152 to 0.0176. As a conservative approach, we also 324 calculated an averaged conversion factor with data from the three layers analyzed ( The next step was to calculate the total number of puncta expressing PSD95 and/or SAP102 337 brain-wide, using previously published data (Supplementary Table 2 ). These data are available 338 for 12 major brain regions divided into 113 subregions (Zhu et al., 2018) . Our analysis indicates 339 that brain regions can be classified into three groups according to the different combinations 340 of densities of PSD95, SAP102 and total densities of puncta ( Figure 5 ). The first group shows 341 the highest total densities of puncta; it includes the isocortex, the olfactory areas, the 342 hippocampal formation and the cortical subplate. All these regions are relatively homogeneous 343 except the hippocampal formation, which shows wider ranges of variability. Also, isocortical 344 areas show a relatively higher proportion of PSD95 versus SAP102 than the other regions. A 345 second group is formed by regions that show low densities of puncta; these regions are the 346 pallidum, the hypothalamus, the brainstem and the cerebellum. Finally, the third group is 347 formed by structures whose components range from low to high densities of puncta. This 348 group includes the striatum and especially the thalamus, which shows the highest range of 349 variability. Brain regions can be classified into three groups. The first group shows the highest total 362 densities of puncta; it includes the isocortex, the olfactory areas, the hippocampal formation 363 and the cortical subplate. A second group shows low densities of puncta; these regions are the 364 pallidum, the hypothalamus, the brainstem and the cerebellum. The third group is formed by 365 structures with densities of puncta ranging from low to high, and includes the striatum and 366 thalamus. 367 368 Finally, we estimated the actual density of synapses expressing PSD95 and/or SAP102, making 369 use of the averaged conversion factor obtained in CA1 (0.0162, see Table 1 ). The values 370 obtained have been graphically represented in Figure 6 . In general, the hippocampal cornu 371 ammonis, the isocortex and the olfactory areas show the highest synaptic densities, 372 intermingled with cortical subplate nuclei. Within the hippocampal formation, the dentate 373 gyrus and the subiculum presented similar densities, but they were lower than in the Ammon's 374 horn. Striatal nuclei showed considerable variations, but the thalamic nuclei showed the 375 highest variability, as mentioned above. The cerebellar cortex showed homogeneously low 376 densities and the pallidum, hypothalamus and brainstem had the lowest synaptic densities. 377 378 
Size of synapses 410
We measured the area of PSD95 puncta in SLM, SR and SO. To further characterize the size distribution of synaptic sizes, we plotted the frequency 436 histograms of the areas of PSD95 puncta and of the SAS (Figure 8 ). The frequency histograms 437 of the areas of PSD95 puncta showed skewed shapes, with a long tail to the right. The 438 histograms of SAS areas of asymmetric synapses measured from FIB-SEM reconstructions also 439 showed skewed shapes, but they were narrower and lay to the left of PSD95 histograms in all 440 layers (Figure 8 ). 441
We then performed goodness-of-fit tests to find the theoretical probability density functions 442 that best fitted the empirical distributions of the areas of PSD95 puncta and SAS areas. We 443 found that they fitted to log-normal distributions in all cases, with some variations in the 444 parameters µ and σ (Table 2 and 
450
The number of puncta or synapses analyzed (n), as well as the parameters µ and σ of the corresponding 
Discussion
464
Relationship between the densities of puncta expressing PSD95 and/or SAP102 and the 465 actual density of synapses 466
In this study, we have -for the first time-analyzed the synaptic density of excitatory and 467 inhibitory synapses, as well as their size, in stratum oriens, stratum radiatum and stratum 468 lacunosum-moleculare of the CA1 hippocampal region of the mouse, using three-dimensional 469 electron microscopy. With this method, long series of consecutive sections are obtained by 470 FIB-SEM, so individual synapses can be unambiguously identified and the number of synapses 471 per unit volume can be directly calculated. However, as with any other electron-microscopy 472 technique, FIB-SEM can only be applied to relatively small regions of tissue, so it is not 473 practical for brain-wide estimations. By contrast, the number of fluorescent puncta expressing 474 PSD95 and/or SAP102 can be quantified brain-wide using SDM, so we have attempted to 475 establish a correlation between the two kinds of measurements. 476
Synapses expressing PSD95 and/or SAP102 can be quantified brain-wide but they are certainly 477 not the only synapses that are present in any given brain region. Lower percentages of PSD95-expressing synapses have been reported in the adult rat visual 493 cortex, where more than 60% of PSDs had PSD95 labeling (Aoki et al., 2001) . Also, in the rat 494 hippocampus, 48% of synapses expressed PSD95 on postnatal day 35 and 45% at 6 months of 495 age (Sans et al., 2000) . These lower percentages could be due to different labeling techniques. 496
Indeed, the lower percentages of PSD95 expression were questioned by a study reporting that 497 in the olfactory bulb 95−100% of synaptic profiles were immunolabeled, using a more sensitive 498 method and a higher titer of antibodies (Sassoé-Pognetto et al., 2003) . In fact, this study 499 revealed an average number of immunogold particles that was five to ten times higher than 500 that previously reported in the rat hippocampus (Sans et al., 2000) . Alternatively, the 501 differences could be due to actual differences in the expression of PSD95, SAP102 and other 502
proteins [see, for example (Farley et al., 2015) ]. In any case, the high variability in the 503 estimations of the number of synapses expressing PSD95 or SAP102 by immunogold methods 504 might depend on the antibodies, titers and immunocytochemical techniques used. However, 505 the advantage of our genetic labeling technique is that 100% of PSD95 and SAP102 are labeled, 506 so a more reliable detection throughout the brain would be expected. 507
Turning to the adult mouse hippocampus, it has been recently claimed that all Schaffer 508 collateral/commissural synapses in the SR of CA1 show immunogold staining for PSD95 509 (Yamasaki et al., 2016) . This is probably an overestimate, since our own data indicate that 510
there is a population of synapses that express SAP102 but not PSD95 (Supplementary Table 2 ). 511
Thus, if we consider that Schaffer collateral/commissural fibers are the origin of the vast 512 majority of synapses in SR and SO, we can assume that most, if not all, synapses in these strata 513 express PSD95, SAP102 or a combination of the two. It is likely to be the same case in SLM, 514 since the relationship between the number of fluorescent puncta and the actual density of 515 synapses measured by FIB-SEM is very similar to that of the other two layers (see Table 1 ). 516
Therefore, data on densities of fluorescent puncta and synapses are self-consistent and, as a 517 consequence, the calculated conversion factors between the two kinds of densities are very 518 similar in the three CA1 layers studied. 519
However, even if we assume that the vast majority of excitatory synapses in CA1 express 520 PSD95 and/or SAP102, and that we can detect them all with SDM and FIB-SEM, the question 521 remains as to whether this would be the case in other brain regions. The abundance of some 522 of the MAGUK scaffold proteins like PSD95 and SAP102 is differentially distributed through the 523 brain (Roy et al., 2018; Zhu et al., 2018) . Therefore, this question is pertinent since we have 524 applied a single conversion factor, calculated in CA1, to the whole brain, and the meaning of 525 the synaptic densities that we obtain will depend on the initial assumptions. In our opinion, 526 there are two alternative possibilities. First, we can assume that all excitatory synapses in any 527 region of the brain express PSD95 and/or SAP102. This would be very similar to CA1 and so the 528 synaptic densities that we have estimated would approximately correspond to the actual 529 synaptic densities. The second possibility is that there are excitatory synapses that do not 530 express PSD95 or SAP102, and the proportion of these kinds of synapses is different in 531 different brain regions. In this case, the conversion factor would yield the densities of PSD95-532 /SAP102-expressing synapses only, and the total density of excitatory synapses would be 533
higher, but unknown. Therefore, to interpret our results conservatively, we must assume that 534 our estimations of synaptic densities may underestimate the actual number of excitatory 535 synapses. In other words, our estimations represent the lower boundary of the densities of 536 excitatory synapses in different brain regions, since only puncta expressing PSD95 and/or 537 SAP102 have been considered, and we cannot rule out the possibility that other kinds of 538 excitatory synapses exist. 539
Only a systematic exploration of the different regions of the brain with FIB-SEM or similar 540 methods will settle the possible discrepancies between our present estimations and the actual 541 values. However, we can compare our estimations with previous studies, when available. In 542 the hippocampus, for example, previous studies in the rat SR reported 2.2 synapses/µm 3 using 543 three-dimensional reconstructions (Mishchenko et al., 2010) , and similar estimates using 544 stereological methods (Sorra et al., 1998) . In both cases, the reported synapse densities were 545 slightly lower than the density we have found in the same stratum of the mouse (2.4 546 synapses/µm 3 ). These differences in the mean synaptic densities may be attributed to 547 differences between species, although we cannot rule out the possibility of other sources of 548 bias such as the different methods used. In the mouse neocortex, previously reported synaptic 549 densities using different stereological methods were either lower (Sadaka et al., 2003; Schüz 550 and Palm, 1989) or higher (DeFelipe et al., 1997) than our present estimations. In the juvenile 551 rat somatosensory cortex, the mean density of synapses in the neuropil has been reported to 552 be between 0.87 and 0.89 synapses/µm 3 using FIB-SEM (Anton-Sanchez et al., 2014; Santuy et 553 al., 2018a), which is below our present estimation for the adult mouse somatosensory cortex 554
(1.4 to 1.9 synapses/µm 3 , see Supplementary Table 2) . However, these differences may be due 555 to species and/or age differences (e.g., DeFelipe et al., 1997). In the rat cerebellum, the density 556 of synapses has been previously reported to be 0.8 synapses/µm 3 in the molecular layer 557 (Napper and Harvey, 1988) , while our present estimations for the mouse cerebellar cortex 558 range from 0.5 to 0.6 synapses/µm 3 (Supplementary Table 2 ). Therefore, we currently lack 559 data that are directly comparable to our present estimations, since methodological bias is 560 probably at play in those cases, leaving aside the possible species and age differences. 561
Although work is already in progress on the mouse somatosensory cortex using a methodology 562 that is similar to the one presented here, it would not be practical to wait until results from 563 even a fraction of the 113 subregions examined here become available. represents the surface of apposition between the presynaptic and postsynaptic densities, so 577 the surface area of the SAS is equivalent to the area of the PSD, and we can measure it for 578 every synapse, regardless of its spatial orientation (Morales et al., 2013) . 579
One would expect that SDM would underestimate the size of puncta, since most of them will 580 not be flat with respect to the plane of section. In fact, the opposite occurs; SDM imaging 581 clearly overestimates the size of PSD95 puncta when compared with the actual size of PSDs 582 imaged by FIB-SEM (see Figure 8 ). This can be due to several factors. Light scatter, glare and 583 blur may contribute to the fact that fluorescent puncta appear to be larger than the actual 584
PSDs. The resolution of SDM is also much lower than the resolution of electron microscopy. In 585 the x-y plane, the resolution of SDM was 84 nm/pixel, while FIB-SEM images were acquired at 586 a resolution of 5 nm/pixel. This makes a pixel area of 7056 nm 2 for SDM versus only 25 nm 2 for 587 FIB-SEM. The lower resolution may result in SDM missing the smaller synapses and those that 588 are oriented perpendicularly to the plane of section. Also, the images of several synapses may 589 overlap throughout the thickness of the SDM optical section. This would lead to some puncta 590 in fact being clusters of two or more synapses. In spite of these differences with 3D electron 591 microscopy, the measurements of fluorescent puncta by SDM do distinguish the relative size 592 differences between layers or regions, so they are still useful for the identification and 593 classification of synaptic types (Zhu et al., 2018) . Both our SDM and FIB-SEM results indicate 594 that excitatory synapses in SLM are larger than in the SR or SO, in line with previous studies in 595 the rat (Megı́as et al., 2001) . 596
The distribution of synaptic sizes measured from FIB-SEM stacks of images fits a log-normal 597 distribution in the three strata analyzed (see Figure 8 D-F) . This trait has also been described in 598 the rat neocortex. This type of distribution is characterized by a skewed curve with a long tail 599 to the right, and it has been found in other synaptic parameters such as synaptic strength, 600 spike transmission probability, and the size of unitary excitatory postsynaptic potentials 601 (Buzsáki and Mizuseki, 2014; Lefort et al., 2009; Song et al., 2005) . It is thus tempting to 602 suggest that the size of the synaptic junction is correlated with these and other functional 603 characteristics of the synapse, as has been proposed previously (Santuy et al., 2018b) . 604
In summary, it is important to emphasize that acquiring multiple samples at different scales is 605 a highly effective way to obtain a dataset that allows comprehensive analysis of the brain. 606
Since the whole brain cannot be fully reconstructed at the ultrastructural level, it seems clear 607 that only by combining studies at the meso-and nano-scopic levels (light and electron 608 microscopy) can we fully understand the structural arrangement of the brain as a whole [see, 609
for example (Markram et al., 2015) , (Kashiwagi et al., 2019) ]. Using this strategy, we provide an 610 estimation of the minimum densities of glutamatergic synapses in the different brain regions. 611
These data, in combination with previous studies on the relationship between the connectome 612 and synaptome (Zhu et al., 2018) , can be used to identify common and differing principles of 613 synaptic organization. This in turn could serve to further advance efforts to validate and refine 614 realistic brain models. 615 616
